Since some Solanum-genera plants have traditionally been used as anti-cancer and anti-herpes agents from olden times, we examined the cytotoxic activity of typical steroidal glycosides with the framework of spirostane, furostane, spirosolane, and pregnane obtained from Solanum plants. Among these steroidal glycosides, the spirostanol glycosides having a b b-lycotetraosyl moiety were the most effective against PC-12 and HCT-116 cell lines. The potency of activity was observed to be decreased in the order of spirostane, furostane, spirosolane, and pregnane type steroid glycosides. It was also suggested that the activity depend on the kind of oligosaccharide moiety and aglycone moiety.
Solanaceous plants, for example Solanum dulcamara, S. lyratum, S. nigrum, 1) are widely distributed in the world and used as traditional drugs for anticancer and anti-herpes as well as foodstuff for prevention of cancer. We have studied the steroidal oligoglycosides above 40 kinds of solanaceous plants. Our extensive search for bioactive oligoglycosides from solanaceous plants has so far resulted in the isolation of cytotoxic compounds against several tumor cell lines, 2) antiherpes simplex virus type 1 (HSV-1) compounds, 3) antifeeding substances against Thrips palmi 4) and an important keyintermediate in the biosynthesis of steroidal alkaloids. 5) Herein, we present the cytotoxic activities of steroidal glycosides against PC-12 (human lung cancer) and HCT-116 (human colon cancer) cell lines of twenty-one samples, with the framework of spirostane, spirosolane, furostane, pregnane type steroid obtained from mainly Solanum plants, and discuss the structure-activity relationships.
MATERIALS AND METHODS

Materials
Dioscin (1) was tested for cytotoxicity as the representative solanaceous steroidal glycoside. Solamargine (2) and solasonine (3) were also examined as the representative solanaceous steroidal glycoalkaloids. Compounds 7, 9-13, 17-19, and 21 were obtained from Solanum nigrum 6, 7) and S. lyratum. 8) In order to examine the structure-activity relationships, steroidal glycosides 4-6, 8, 14-16, and 20, isolated from Allium tuberosum, 9) were tested for cytotoxic activity. These compounds were divided into spirostane (1, 4-13), spirosolane (2, 3), furostane (14) (15) (16) (17) (18) , and pregnane (19-21) type glycosides in accordance with aglycone type. Diosgenin was used for comparison of the activity between aglycone and glycosides. Cisplatine (CDDP) was the positive control in this study.
Cells Human lung cancer (PC-12) 10) and human colon cancer (HCT116) cells 11) were maintained in RPMI1640 medium with 10% FBS at 37°C under 5% CO 2 atmosphere.
Cytotoxic Bioassays 2) Growth inhibition experiments were carried out in quadruplicate in 96-well microplates, and the amount of viable cells at the end of the incubation was determined by using an MTT assay. 12) Each samples were dissolved in dimethyl sulfoxide (DMSO) (2.0 mg/ml) and diluted with an experimental growth medium such that the final DMSO concentration was less than 0.5%. PC-12 and HCT116 cells were seeded to a 96-well microplate in 1000 cells per well, and they were continuously cultured without or with five concentrations (5000, 1000, 200, 40, 8 ng/ml) of test compounds for 72 h from the next day. After addition of MTT (20 ml, 5 mg/ml in phosphate-buffered saline; Sigma), the medium was removed and the blue dye formed was dissolved in 150 ml of DMSO. The absorbance was measured at 540 nm using a Microplate Reader model 3550 (Bio-Rad). T/C (%) score was calculated by the formulae as described below and the graph on the concentration of samples and T/C (%) was made. The value of concentration that crossed the T/C (50%) was measured as the GI 50 value.
T/C (%)ϭ(TϪS)/(CϪS)ϫ100
T : OD 550 value of the cell with samples after 3 d incubation C: OD 550 value of the cell without samples S : OD 550 value of the cell before samples were added The GI 50 value was defined as the concentration of sample necessary to inhibit the growth to 50% of the control.
RESULTS
The examined specimens are classified into four types of steroidal glycosides, that is, Spirostane Type Glycosides: The results of cytotoxic activity against PC-12 and HCT-116 are listed in Table 1 . Among twenty-one samples, twelve steroidal glycosides were effective against PC-12 cell line, the GI 50 values of which were less than 5 mg/ml (4.07-6.76 mM). Nine samples were effective in less than 5 mg/ml (4.07-12.1 mM) against the HCT-116 cell line.
These compounds tested tended to be more effective against the PC-12 cell line than the HCT-116 cell line. Desgalactotigonin (12) obtained from Solanum lyratum was the most effective compound of all; the efficacy was ten times stronger than that of CDDP.
The structure-activity relationships of the steroidal frameworks were observed. In the case of the spirostane-type glycosides, the lycotetraosyl derivatives were more cytotoxic than the chacotriose derivatives. In the case of furostane-type glycosides, protodioscin (14) and the lycotetraosyl derivatives (17, 18) had an activity as strong as that of dioscin (1). In the case of spirosolane-type glycosides, only solamargine (2), having the chacotriosyl moiety, showed weak activity. Furthermore, pregnane-type glycosides had no activity.
DISCUSSION
Compared with the sugar moieties, compounds 12, 13 and 17 having b-lycotetraose tended to be more effective than compounds 1, 4, 7 and 8 possessing b-chacotriose. The activity of compounds 12 and 17 was reduced on the PC-12 cell line when the terminal xylopyranosyl moiety was exchanged to glucopyranose such as compounds 11 and 18. This fact suggested that the tetrasaccharide component in lycotetraose is essential to express strong cytotoxic activity.
On the other hand, a comparative study of the activities of the aglycone moieties led to the following result concerning the structure-activity relationships. In the case of spirostanetype glycosides, compounds 4, 5, 6, and 8, having 25S stereochemistry, showed almost no activity against the HCT-116 cell line; however, dioscin (1) and compound 7 which have 25R stereochemistry were as active as CDDP. Although the GI 50 value of compound 13 (25R : Sϭ1 : 2, mainly S configuration) was more than 5 mg/ml (Ͼ4.84 mM), that of 12 (25R configuration) is 0.03 mM, which is ten times stronger than that of CDDP. It was suggested that the stereochemistry of the C-25 position might be an important factor to produce cytotoxic activity against the HCT-116 cell line.
Pregnane glycosides 19 and 21, carrying the opened E and F rings of the steroid skeleton, showed no activity, whereas they had the b-lycotetraosyl moiety. In addition, some of the furostane-type glycosides had moderate activity (GI 50 ϭ 1.20-3.78 mM) except for compounds 15 and 16. So that the outline of the activity relative to the aglycone part was in the order of spirostaneϾfurostaneϾpregnane type. Therefore, the E ring of the spirostane skeleton should be essential for showing cytotoxicity (Fig. 2) .
The substitution of oxygen functional groups on the aglycone parts reduced the activity. For example, compounds 1, 2 and 7 had activity around a few mM; however, compounds 4 and 8, with a hydroxyl group at the 2-position of the aglycone part attached, were inactive. Furthermore, comparing compounds 9 and 10, whose sugar moiety is the same, compound 10 had activity the same as that of CDDP, while compound 9 having the 12-keto,17a-hydroxyl compound of 10, was lost its cytotoxicity. There were no literatures described a mechanism of action for spirostanol glycosides such as compound 12. On the other hand, Kuo et al. reported [13] [14] [15] steroidal alkaloids (solamargine) triggered gene expression of human TNFR I which may lead to cell apoptosis; Mimaki et al. reported 16) rearranged cholestane glycoside embracing an acyl group at the saccharide part strongly suppressed the growth of leukemi HL-60 cells, which was mediated partially through induction of apoptosis; Hu and Yao reported 17, 18) that based on an analysis of COMPARE computer program with furostanol glycosides (protodioscin and methyl protogracillin) as seed compounds, no compounds in the NCI's anticancer drug screen database have similar cytotoxicity patterns (mean graph) to that of the furostanol glycosides, indicating a potential novel mechanism of the anticancer action involved. Because a furostanol glycoside is precursor of a spirostanol glycoside, the compound 12 may have a novel mechanism of action.
In summary, the b-lycotetraosyl spirostanol without oxygen functional groups is the most effective structure against PC-12 and HCT-116 cell lines. That is, compound 12, des- galactotigonin, showed the strongest activity of all samples tested here. To gain more detailed structure-activity relationships, cytotoxicity of compounds obtained from solanaceous plants is being measured and the results will be reported in due course.
